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1
PROJECTION EXPOSURE APPARATUS
WITH AT LEAST ONE MANIPULATOR

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims benefit under 35 U.S.C. §119 of
German patent application DE 10 2012 205 096.5, filed Mar.
29,2012, the entire contents of which are hereby incorporated
by reference.

FIELD

The disclosure relates to a projection exposure apparatus
for microlithography and a method for operating such a pro-
jection exposure apparatus. A projection exposure apparatus
for microlithography is used to create structures on a substrate
in the form of a semiconductor wafer during the production of
semiconductor elements. The projection exposure apparatus
includes a projection lens with a plurality of optical elements
for imaging mask structures on the wafer during an exposure
process.

BACKGROUND

To ensure very precise imaging of the mask structures on
the wafer, a projection lens with the fewest possible wave-
front aberrations is desired. Projection lenses are therefore
equipped with manipulators which render it possible to cor-
rect wavefront aberrations by changing the state of individual
optical elements of the projection lens. Examples of such a
state change include a change in position in one or more of the
six rigid body degrees of freedom of the relevant optical
element, an application of heat and/or coldness to the optical
element, and a deformation of the optical element. Usually,
the aberration characteristic of the projection lens is mea-
sured at regular intervals and, if desired, changes in the aber-
ration characteristic are determined between the individual
measurements by simulation. Thus, for example, lens-ele-
ment heating effects can be taken into account in calculations.
The terms “lens heating”, “lens-element warming”, “mirror
heating” and “mirror warming” are also used synonymously
for “lens-element heating”. The manipulator changes to be
carried out to correct the aberration characteristic are calcu-
lated using a travel generating optimization algorithm, which
is also referred to as “manipulator changing model”.

“Travel” is understood to mean a change in a state variable
of'an optical element, effected via manipulator actuation, for
the purpose of changing the optical effects thereof. Such
travel defined by changing a state variable of the optical
element is specified by intended change variables of the
manipulator. By way of example, the manipulation can con-
sist of a displacement of the optical element in a specific
direction, but also, for example, of a local or two-dimensional
loading of the optical element with heat, coldness, forces,
light of a specific wavelength or currents. By way of example,
the intended change variable can, in the case of a displace-
ment, define a path length to be travelled or an angular range
to be travelled.

The desire for continuous miniaturization of the structures
to be imaged and for increasing the throughput lead to the
situation where the aberration characteristic cannot, in gen-
eral, be corrected sufficiently satisfactorily in a conventional
manner by manipulators, neither during operation nor over
the service life of a projection exposure apparatus. In this
case, “sufficiently satisfactorily” is understood to mean that
the uncorrected residual aberration characteristic leads to a
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sufficient imaging quality for a multiplicity of usage configu-
rations. Here, a usage configuration should be understood to
mean a combination of a mask with an illumination setting
used for imaging the same.

It was found to be desirable to set the residual aberration
characteristic in view of the processed usage configurations
so that important structures, in particular so-called core-re-
gion structures (described in more detail below), are imaged
very precisely and so that the residual structures, i.e. the
peripheral structures, are imaged less precisely but still suf-
ficiently precisely. This is possible, among other reasons,
because core-region structures and peripheral structures scan
different regions of the wavefronts and the peripheral struc-
tures pose significantly lower demands on the scanned wave-
front region.

It is known to use travel generating optimization algo-
rithms which usually solve unrestricted quadratic optimiza-
tion problems in regularized fashion, usually via matrix mul-
tiplication by a single preceding calculation of the inverse. To
regularize so-called “ill-posed problems”, use is made in
particular of singular value decomposition with singular-
value cut-oft or Tikhonov regularization. Details are dis-
closed in, for example, “Iterative Methods for I1I-Posed Prob-
lems: An Introduction,” Inverse and I1I-Posed Problems, B.
Bakushinsky, Mihail Y. Kokurin and Alexandra Smirnova, De
Gruyter, 2010, chapters 4 and 5, pages 23-43. Here, the
respective user configuration can, as a matter of principle, not
be taken or not be sufficiently taken into account.

SUMMARY

The disclosure provides a projection exposure apparatus
and a method for operating such a projection exposure appa-
ratus with which imaging aberrations occurring during an
exposure process are able to be corrected with great accuracy
within short time intervals. The imaging aberrations occur-
ring during an exposure process are desirably corrected
within short time intervals with the accuracy that is involved
for the successful imaging process with respect to the differ-
ent demands for core-region structures and peripheral struc-
tures.

In one aspect, the disclosure provides a projection expo-
sure apparatus for microlithography including a projection
lens which includes a plurality of optical elements for imag-
ing mask structures onto a substrate during an exposure pro-
cess. The apparatus also includes at least one manipulator
configured to change, as part of a manipulator actuation, the
optical effects of atleast one of the optical elements within the
projection lens by changing a state variable of the optical
element along a predetermined travel. The apparatus further
includes an algorithm generator configured to generate a
travel generating optimization algorithm, adapted to at least
one predetermined imaging parameter, on the basis of the at
least one predetermined imaging parameter. The at least one
imaging parameter includes structure information with
respect to mask structures to be imaged during a subsequent
exposure process and/or structure information with respect to
anangular distribution of exposure radiation radiated onto the
mask structures during the subsequent exposure process. The
apparatus also includes a travel establishing device config-
ured to establish at least one travel for a manipulator actuation
via the travel generating optimization algorithm. As men-
tioned above, the travel defines a change in a state variable of
the optical element. This change is effected by the manipula-
tor actuation. The travel establishing device is therefore con-
figured to establish at least one travel for a change in the state
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variable of the optical element effected by manipulator actua-
tion via the travel generating optimization algorithm.

In other words, a travel generating optimization algorithm
is first of all generated in a targeted fashion when the projec-
tion exposure apparatus is operated. The algorithm is adapted
to at least one imaging parameter which is predetermined for
the subsequent exposure process. This specifically adapted
optimization algorithm, also referred to as “manipulator
change model”, is then used to calculate travel corrections for
at least one manipulator of the projection lens.

Such a manipulator is configured, as part of a manipulator
actuation, to change the optical effects of at least one of the
optical elements within the projection lens by changing a
state variable of the optical element along a predetermined
travel. By way of example, such a manipulator actuation can
include a positional change of the optical element in one of
the six rigid body degrees of freedom, an application of heat
and/or coldness to the optical element, and/or a deformation
of'the optical element. The predetermined travel along which
such a manipulator actuation is brought about is defined by
the manipulator actuation of successively passed through
states in the manipulated state variable of the optical element.
In the case of a positional change by translation in space, the
travel is a path in three-dimensional space. In the case of an
application of heat and/or coldness to the optical element, a
travel can, for example, be defined by a temporal succession
of successively assumed temperature states.

The generation of the travel generating optimization algo-
rithm is effected on the basis of at least one predetermined
imaging parameter, more particularly an imaging parameter
set, which includes information with respect to the mask
structures and/or information with respect to an illumination
stetting for an upcoming exposure process. In general terms,
the manipulator changing model is created on the basis of
structure information with respect to mask structures to be
imaged and/or structure information with respect to an angu-
lar distribution of the exposure radiation radiated onto the
mask. The angular distribution of the exposure radiation radi-
ated onto the mask is also referred to as “illumination cali-
bration” or “illumination setting” below. By way of example,
the structure information with respect to the mask structures
to beimaged can include a line width, a characterization of the
geometric structure of the mask structures, an orientation of
structures in the core region and/or the periphery of a semi-
conductor chip. Examples of frequently used illumination
settings include annular illumination, dipole illumination and
quadrupole illumination.

As a result of the generation of the travel generating opti-
mization algorithm on the basis of at least one predetermined
imaging parameter, the optimization algorithm can be
adapted so well to the characteristic of the subsequent expo-
sure process that the optimization algorithm makes do with
comparatively few computational operations. As a result, it
becomes possible to provide travel signals for the at least one
manipulator during the exposure process at short time inter-
vals, as a result of which the aberration characteristic of the
projection lens can be corrected with great accuracy. Here, it
is not necessarily all aberration parameters that are corrected
uniformly, but rather those are corrected in a targeted fashion
which are relevant to the at least one imaging parameter.

In accordance with one embodiment, the projection expo-
sure apparatus includes a storage device for storing a set of
aberration parameters which in general terms define the
imaging quality of the projection lens. In accordance with a
further embodiment, the optimization algorithm is configured
to set the at least one travel so that, in the case of a corre-
sponding actuation of the manipulator, a subset of the aber-
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ration parameters is optimized. Here the subset, also referred
to as “selected subset” below, is in particular reduced com-
pared to the complete set of aberration parameters by at least
one aberration parameter, the influence of which on the imag-
ing behaviour of the projection exposure apparatus in the
predetermined imaging parameter is less than the respective
influence ofthe remaining aberration parameters. In doing so,
this does not preclude the residual subset from likewise expe-
riencing an optimization. However, in this case the selected
subset is particularly optimized, i.e., optimized to a greater
extent, than the residual subset. By way of example, this can
be implemented by virtue of the regions of the wavefronts
scanned by the core-region structures being intended to sat-
isfy tighter specific properties with respect to the imaging
behaviour than the regions of the wavefronts scanned by the
peripheral structures. By way of example, aberration param-
eters can be Zernike coefficients, weighted sums of Zernike
coefficients, lithographic variables such as, e.g., a litho-
graphically measured astigmatism or a lithographically mea-
sured coma aberration, imaging variables such as overlay,
variation of the best focus and/or fading effects. The defini-
tion of such effects is provided in, for example, pages 30-33 of
WO 2010/034674 Al.

As opposed to the peripheral structures, the core-region
structures are defined on the mask. Here, the core-region
structures are those structures that are imaged with a suffi-
ciently small pitch or with the smallest pitch. The sufficiently
small pitch is defined by virtue of the fact that those structures
whose pitch is less than or equal to the sufficiently small pitch
make up at least 5%, in particular at least 10%, at least 50% or
at least 80% of all structures situated on the mask to be
imaged. The peripheral structures are then all structures
which are not core-region structures. It was found that, in
general, the core-region structures react sensitively to small
changes in specific regions of the wavefront, whereas these
are insensitive to relatively large changes in other regions.
Here, a high sensitivity leads to high yield losses in the pro-
duction of the corresponding semiconductor chips.

By reducing the set of optimized aberration parameters or
the set of especially optimized aberration parameters to the
aforementioned subset, it becomes possible to establish a
manipulator correction, adapted in a targeted fashion to the
imaging process, in a particularly short time and simple fash-
ion. The set of aberration parameters by which the imaging
quality of the projection lens is determined merely includes
aberration parameters whose influence on the imaging quality
is significant for the purpose of the projection lens. In accor-
dance with one embodiment, those aberration parameters
have a significant influence on the imaging quality which,
overall, make up at least 50%, in particular at least 90%, at
least 95% or at least 99% of a lithographic error observed
overall in core-region structures. Here, as already mentioned
previously, lithographic error observed overall is understood
to mean, for example, a coma aberration, an overlay error,
variations of the best focus and/or fading eftects in the core-
region structures. In particular, the aforementioned set
includes those aberration parameters which are optimized by
conventional optimization methods.

In accordance with a further embodiment, the travel gen-
erating optimization algorithm is configured to establish the
travel for the manipulator actuation on the basis of at least one
aberration parameter which characterizes the imaging quality
of'the projection lens. Here, the travel is established in such a
way that the imaging quality is improved in the case of a
change of the corresponding state variable of one of the
optical elements along the travel.
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In accordance with a further embodiment, the travel gen-
erating optimization algorithm is based on a mathematical
model with at most 1000, in particular at most 500, at most
250, at most 100, at most 60, at most 40 or at most 25 basis
functions. Such a model renders it possible to generate cur-
rent travel commands within a short period of time. In accor-
dance with one embodiment, the travel establishing device is
configured to establish the at least one travel in less than 500
ms, in particular less than 100 ms or less than 20 ms. In
accordance with one embodiment configured for an EUV
projection exposure apparatus, the travel is established in less
than 30 seconds, in particular less than 10 seconds. In accor-
dance with a further embodiment, the travel generating algo-
rithm is configured to carry out matrix multiplications and, in
particular, uses as a basis a singular value decomposition or a
Tikhonov regularization, in particular with forming an
inverse.

In accordance with a further embodiment, the algorithm
generator has a database with a plurality of different stored
algorithms. In accordance with one variant, the algorithm
generator is configured to select one of the stored algorithms
as travel generating optimization algorithm on the basis of the
predetermined imaging parameter.

In accordance with a further variant, the algorithm genera-
tor is configured to adapt a stored algorithm stored in the
algorithm generator to the predetermined at least one imaging
parameter. The stored algorithm can be an algorithm which is
already adapted to a certain degree to the predetermined
imaging parameter. This can be an algorithm which was opti-
mized in preliminary fashion at an earlier time or an algorithm
which is partly or wholly adapted to a similar imaging param-
eter. Alternatively, it is also possible to use a standard algo-
rithm which is not specifically adapted to an imaging param-
eter. In accordance with a further embodiment, the algorithm
generator is configured to effect the adaptation of the stored
algorithm to the predetermined imaging parameter by carry-
ing out an optimization method. To this end, the algorithm
generator in particular includes a so-called algorithm opti-
mizer.

In accordance with a further embodiment, the optimization
method serving to adapt the stored algorithm is based upon a
merit function, which takes into account the influence of a
change in the imaging quality of the projection lens due to
lens-element heating, also referred to as “lens heating”,
directly or indirectly during the exposure process on at least
one lithographic error. That is, the influence of the above
specified change on at least one lithographic mirror is taken
into account. Here, a lithographic error should be understood
to mean an error which occurs during lithographic imaging,
such as, for example, a so-called overlay error. An overlay
error specifies a local image-position displacement of an
imaged mask structure compared to the intended position
thereof on the substrate. The imaging quality can be influ-
enced indirectly by way of, for example, suitable weightings
on odd Zernike coefficients or weighted linear combinations
of odd Zernike coefficients if use is made of a manipulator
changing model based on the method of least squares. Thus,
for example, such a manipulator changing model can be
based on singular value decomposition or Tikhonov regular-
ization.

In accordance with a further embodiment, the travel estab-
lishing device is configured to activate, in an exposure pause,
a travel generating optimization algorithm, which is newly
generated by the algorithm generator, and therefore use it for
establishing the travel from the activation time onward. An
exposure pause can be a pause during which a batch inter-
change is carried out. A batch is understood to mean wafers
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exposed as packet, which are generally exposed with uniform
illumination parameters, i.e., with the same mask and the
same illumination setting. An exposure pause serving to acti-
vate the optimization algorithm can also be the short period of
time between the end of the exposure of a preceding wafer and
the start of the exposure of the next wafer. This period of time
can also be used for measuring purposes.

In accordance with a further embodiment, the projection
exposure apparatus includes a sensor for measuring an exter-
nal physical variable, and the travel establishing device is
configured to take into account the external physical variable
when establishing the travel. In particular, there is a continu-
ous adaptation of the travel to the physical variable. An
example of such a physical variable is the surrounding air
pressure.

In accordance with a further embodiment, the projection
exposure apparatus includes a simulation device, which is
configured to simulate changes in the optical properties of the
optical elements, which changes occur as the result of heating
of'the optical elements, for example on the basis of the radia-
tion effect during the exposure process or due to additional
lens-element heating for achieving an optimum operating
temperature with respect to the material quality in the case of
EUYV projection exposure apparatuses. Here, the optimization
algorithm is configured to calculate the at least one travel on
the basis of the simulated heating-induced changes in the
optical properties.

In accordance with a further embodiment, the projection
exposure apparatus is configured to successively image the
mask structures respectively onto different regions of the
substrate in a plurality of exposure steps and the travel estab-
lishing device is configured to establish an updated version of
the at least one travel after every exposure step. In other
words, the travel is updated after every exposed field.

In one aspect, the disclosure provides a method for oper-
ating a projection exposure apparatus for microlithography.
The apparatus includes a projection lens having a plurality of
optical elements for imaging mask structures onto a substrate
during an exposure process. The method includes predeter-
mining at least one imaging parameter for a subsequent expo-
sure process. The imaging parameter includes structure infor-
mation with respect to the mask structures to be imaged
and/or structure information with respect to an angular dis-
tribution of exposure radiation radiated onto the mask struc-
tures. The method also includes generating a travel generating
optimization algorithm adapted to the predetermined imag-
ing parameter on the basis of the at least one predetermined
imaging parameter. The method further includes establishing
at least one travel for at least one of the optical elements via
the travel generating optimization algorithm. The travel
defines a change of a state variable of the at least one optical
element. In addition, the method includes actuating the at
least one optical element along the predetermined travel by
changing the state variable.

In accordance with one embodiment, the travel generating
optimization algorithm, adapted to the predetermined imag-
ing parameter, is generated by the projection exposure appa-
ratus. In accordance with an alternative embodiment, the
travel generating optimization algorithm, adapted to the pre-
determined imaging parameter, is generated outside of the
projection exposure apparatus and, after it has been gener-
ated, is read into the projection exposure apparatus. It is
optionally possible to provide the user with the option of
approving the optimization algorithm or activating it after
reading in the adapted optimization algorithm. In accordance
with one variant, the projection exposure apparatus can have
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an algorithm generator to which an imaging parameter and/or
a travel generating algorithm are/is transmitted by the user.

In accordance with a further embodiment, at least one
control parameter defining the adapted optimization algo-
rithm is generated outside of the projection exposure appara-
tus and, after it has been generated, is read into the projection
exposure apparatus. The optimization algorithm has one or
more merit functions, as well as constraints. Control param-
eters of the aforementioned type denote those parameters
which, in the case ofthe same initial state, change one or more
of the merit functions or one or more of the constraints.

The features specified with respect to the embodiments,
listed above, of a projection exposure apparatus can be cor-
respondingly applied to a method. Conversely, the features
specified with respect to the embodiments, listed above, of a
method according can be correspondingly applied to a pro-
jection exposure apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantageous features of the disclo-
sure are illustrated in the following detailed description of
exemplary embodiments with reference to the accompanying
schematic drawings, in which:

FIG. 1 depicts an embodiment of a projection exposure
apparatus for microlithography with an algorithm generator
for generating a travel generating optimization algorithm;
and

FIG. 2 is a flowchart which depicts an embodiment of the
functionality of the algorithm generator.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

In the exemplary embodiments described below, elements
which are functionally or structurally similar to one another
are as far as possible provided with the same or similar ref-
erence signs. Therefore, for understanding the features of the
individual elements of a specific exemplary embodiment,
reference should be made to the description of other exem-
plary embodiments or the general description of the disclo-
sure.

To facilitate the description of the projection exposure
apparatus, a Cartesian xyz-coordinate system is indicated in
the drawing, which system reveals the respective positional
relationship of the components illustrated in the figures. In
FIG. 1, the y-direction runs perpendicularly to the plane of the
drawing out of the latter, the x-direction runs towards the right
and the z-direction runs upwards.

FIG. 1 shows an embodiment of a projection exposure
apparatus 10 for microlithography. The embodiment is
designed for operation in the EUV wavelength range, i.e. with
electromagnetic radiation with a wavelength of less than 100
nm, in particular a wavelength of approximately 13.5 nm or
approximately 6.7 nm. As a result of this operating wave-
length, all optical elements are embodied as mirrors. How-
ever, the disclosure is not restricted to projection exposure
apparatuses in the EUV wavelength range. Further embodi-
ments according to the disclosure are designed, for example,
for operating wavelengths in the UV range, such as e.g. 365
nm, 248 nm or 193 nm. For such embodiments, at least some
of the optical elements are configured as conventional trans-
mission lenses.

The projection exposure apparatus 10 in FIG. 1 includes an
exposure radiation source 12 for generating exposure radia-
tion 14. In the present case, the exposure radiation source 12
is embodied as an EUV source and can, for example, include
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a plasma radiation source. The exposure radiation 14 first of
all passes through an illumination optical unit 16 and is
directed onto a mask 18 from the latter. The illumination
optical unit 16 is configured to generate different angular
distributions of the exposure radiation 14 incident on the
mask 18. Depending on an illumination adjustment, also
referred to as “illumination setting”, desired by the user, the
illumination optical unit 16 configures the angular distribu-
tion of the exposure radiation 14 incident on the mask 18.
Examples of selectable illumination settings include a so-
called dipole illumination, annular illumination and quadru-
pole illumination.

The mask 18 has mask structures for imaging a substrate 24
and is displaceably mounted on a mask displacement stage
20. The mask 18 can be embodied as a reflection mask, as
illustrated in FIG. 1, or alternatively, in particular for UV
lithography, also be configured as a transmission mask. In the
embodiment in FIG. 1, the exposure radiation 14 is reflected
atthe mask 18 and thereupon passes through a projection lens
22, which is configured to image the mask structures on the
substrate 24. The substrate 24 is displaceably mounted on a
substrate displacement stage 26. The projection exposure
apparatus 10 can be embodied as a so-called scanner or as a
so-called stepper. The exposure radiation 14 is routed within
the illumination optical unit 16 and within the projection lens
22 via a multiplicity of optical elements, which are shown as
mirrors in FIG. 1.

In FIG. 1, the projection lens merely has four optical ele-
ments E1 to E4. All optical elements are mounted in a mov-
able fashion. Moreover, a respective manipulator M1 to M4 is
associated with each of the optical elements E1 to E4. Each
manipulator M1, M2 and M3 enables a displacement of its
respective optical elements E1, E2 and E3 in the x- and
y-direction and hence a displacement substantially parallel to
the plane in which the respective reflective surface of the
optical element lies.

The manipulator M4 is configured to tilt the optical ele-
ment E4 by rotation about a tilt axis 27 which is arranged
parallel to the y-axis. As a result, the angle of the reflecting
surface of' E4 is changed with respect to the incident radiation.
Further degrees of freedom for the manipulators are feasible.
Thus, for example, provision can be made for a transverse
displacement of the relevant optical element with respect of
the optical surface thereof, or a rotation about a reference axis
perpendicular to the reflecting surface.

In general terms, each of the manipulators M1 to M4 is
provided for effecting a displacement of the associated opti-
cal element E1 to E4 by performing a rigid body movement
along a predetermined travel. By way of example, such a
travel can combine translations in different directions, tilts
and/or rotations in arbitrary fashion, or else can consist of a
different natured change in a state variable of the associated
optical element by corresponding actuation of the manipula-
tor.

The projection exposure apparatus 10 furthermore
includes a central control device 28. The central control
device 28 controls the various components of the projection
exposure apparatus 10 when carrying out an exposure pro-
cess. In order to prepare an exposure process, the central
control device 28 transmits mask-selection information 32 to
the mask displacement stage 20. The mask displacement
stage 20 thereupon takes the mask desired for the subsequent
exposure process from a mask library and loads the mask into
the exposure position.

Furthermore, the central control device 28 transmits illu-
mination setting information 30 to the illumination optical
unit 16. The illumination setting information 30 defines the
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angular distribution with respect to the exposure radiation 14
radiated onto the mask, desired for the subsequent illumina-
tion process. As already mentioned above, this angular dis-
tribution is often also referred to as “illumination setting”.
The illumination optical unit 16 undertakes corresponding
settings of the desired illumination setting.

The projection exposure apparatus 10 furthermore
includes a manipulator control 40 for controlling the manipu-
lators M1 to M4. The manipulator control 40 in turn includes
an algorithm generator 42 and a travel establishing device 44.
The algorithm generator 42 is configured to generate a travel
generating optimization algorithm 52 and transmit the latter
to the travel establishing device 44. The travel establishing
device 44 uses the travel generating optimization algorithm
52 for establishing control signals which serve to control the
manipulators M1 to M4, as will be described in more detail
below. The central control device 28 provides the algorithm
generator 42 with an imaging parameter set with respect to an
upcoming exposure process.

In accordance with one embodiment variant, the algorithm
generator 42 can also be arranged outside of the projection
exposure apparatus 10. The manipulator control 40 in this
case includes a read-in device for reading in the travel gener-
ating optimization algorithm 52. Alternatively, it is also pos-
sible that only control parameters of the optimization algo-
rithm 52 are generated outside of the projection exposure
apparatus 10 and transmitted to the manipulator control 40.

The imaging parameter set includes at least one item of
structure information with respect to the mask structures to be
imaged and/or structure information with respect to the illu-
mination setting. In accordance with one embodiment, the
imaging parameter set includes illumination setting informa-
tion 30 and mask structure information 46. Within the scope
of this application, such an imaging parameter set is also
referred to as “usage configuration”. The illumination setting
information 30 identifies the angular distribution of the expo-
sure radiation 14 radiated onto the mask 18. The mask struc-
ture information 46 can include a precise geometric repro-
duction of the mask structures to be imaged, or else only
specify essential structure aspects of same, such as e.g. line
width, characterization of the geometric structures of the
mask structures, orientation of mask structures, for example
differentiated with respect to central structures and peripheral
structures.

In the following text and with reference to FIG. 2, an
embodiment according to the disclosure of the procedure of
the algorithm generator 42 for generating the travel generat-
ing optimization algorithm 52 will be described on the basis
of the imaging parameters, provided by the central control
device 28, in the form of the illumination setting information
30 and the mask structure information 46.

First of all, the algorithm generator 42 accesses a database
48, in which a multiplicity of stored algorithms 50, which are
adapted to different imaging parameter sets, are stored. The
algorithm generator 42 initially checks whether the database
48 already contains a stored algorithm 50 which is adapted to
the predetermined imaging parameters.

If a suitably adapted stored algorithm 50 is available in the
database 48, the algorithm generator 42 transmits the former
to the travel establishing device 44 as travel generating opti-
mization algorithm 52. If this is not the case, the algorithm
generator 42 selects one of the stored algorithms 50 from the
database 48 as a start algorithm for a subsequent optimization
method. The start algorithm can either be a general standard
algorithm, or else an algorithm which is optimized with
respect to an imaging parameter set which comes close to the
predetermined imaging set. Furthermore, the database 48 can
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also have a stored algorithm 50 which is already optimized in
a preliminary fashion to the predetermined imaging param-
eter set. In this case, the algorithm generator 42 can select this
algorithm as start algorithm.

In order to adapt the selected start algorithm to the prede-
termined imaging parameters, a load parameter collection is
initially established in a step S1. This load parameter collec-
tion represents a collection of aberration parameter sets,
which are expected to occur during the operation of the pro-
jection lens 22. The aberration parameter sets are also
referred to as “load cases”. When generating the aberration
parameter sets, changes in the aberration parameters as a
result of thermal effects in the form of lens-element heating
during the exposure process are initially taken into account.

The aberration parameter sets describe the imaging quality
of'the projection lens 22 and, in accordance with one embodi-
ment, include a set of Zernike coefficients. A set of measured
aberration parameters in the form of Zernike coefficients,
stored in a storage device 56, is firstly retrieved in step S1.
Thereupon changes in the imaging parameter set, which are
expected to occur during the upcoming exposure process as a
result of lens-element heating and optionally other determin-
istic operational-dependent influences, are established by
simulation. These changes are determined dependent on the
imaging parameters predetermined for the upcoming expo-
sure step. In other words, the characteristic of the lens-ele-
ment heating and optional other deterministic operational-
dependent influences under the predetermined imaging
parameters are calculated in a targeted fashion during the
simulation and the changes in the imaging parameter set
resulting therefrom are established. All imaging parameter
sets occurring during the duration of the upcoming exposure
process form the aforementioned load parameter collection.

Thereupon, the load parameter collection is complemented
in step S2 by further aberration parameter sets that are
expected to occur. Examples of such complements include
modifications of the aberration parameters in the case of
changing air pressure, influences of elementary image aber-
rations, such as e.g. scale errors and/or aberration parameter
changes, which occur during the imaging of general relevant
structures. These complementary aberration parameter sets in
particular include load cases which are independent of the
illumination setting and can be interpreted as “basic require-
ments” for the correction capability of the projection lens.

Inthe now following step S3, respective conversion param-
eter sets are established for converting the aberration param-
eter sets of the load parameter collection into lithographic
errors. “Lithographic errors” are understood to be errors of
the projection lens, which can be measured in the lithographic
image, i.e. in the aerial image present in the substrate plane or
in the structure generated on the substrate 24 by the litho-
graphic imaging on the photoresist. Such lithographic errors
are also referred to as imaging parameter errors and are in
contrast to wavefront aberrations, which cannot be measured
directly in the lithographic image. An example of such a
lithographic error is a so-called “overlay error”. As already
mentioned above, the overlay error represents a local image
position displacement of an imaged mask structure compared
to the intended position thereof on the substrate.

The conversion parameter sets established as per step S3
render it possible to convert the aberration parameter sets into
selected lithographic errors, in particular overlay errors.

The established conversion parameter sets are generally
available in the form of linear factor datasets. Such linear
factor datasets can be represented by matrices which, field
point by field point, convert the Zernike coefficients charac-
terizing the wavefront into lithographic error variables.
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Thereupon a merit function for an optimization method for
generating an optimized travel generating optimization algo-
rithm 52 is generated in a step S4. The merit function is
designed in such a way that selected lithographic errors, in
particular overlay errors, receive suitable weighting for the
subsequent optimization.

Thereupon, the travel generating optimization algorithm
52 is determined in a step S5 by optimization on the basis of
the merit function generated in step S4. As already explained
above, the travel generating optimization algorithm is, as per
one variant, created on the basis of singular value decompo-
sition or Tikhonov regularization. Here, the Tikhonov
weightings or the singular value parameters, for example, are
released for optimization, with the stipulation that the prop-
erties of the load cases are satisfied to the best possible extent.
The stored algorithm 50 taken from the database, which can
either be a standard algorithm or an algorithm already opti-
mized in a preliminary fashion, serves as a start algorithm, as
mentioned previously. For the optimization method used in
the process, use can be made of various basic algorithms
known to a person skilled in the art, for example simulated
cooling, also known as “simulated annealing”, genetic algo-
rithms and/or evolutionary algorithms and convex program-
ming, in particular sequential quadratic programming (SQP).
With respect to the latter methods, reference is made to
Stephen Boyd, Lieven Vandenbergh, “Convex Optimiza-
tion”, Cambridge University Press (2004), chapter 4.4, pages
152-153, chapter 4.6, page 167, chapter 4.7, pages 174-184,
chapters 11.1-11.5, pages 561-596, and chapter 11.8, pages
615-620, and also to Walter Alt, “Nichtlineare Optimierung”
[Nonlinear optimization], Vieweg, 2002, chapter 8, pages
291-305.

The travel generating optimization algorithm 52 generated
by the algorithm generator 42 is transmitted to the travel
establishing device 44 and stored in the database 48 as further
stored algorithm. The optimization algorithm 52 is used by
the travel establishing device 44 to determine travels 45 for
the individual manipulators M1 to M4. The travels 45 define
changes to be carried out in the corresponding state variables
of the optical elements E1 to E4. The established travels 45
are transmitted to the individual manipulators M1 to M4 via
travel signals and predetermine correction travels respec-
tively to be carried out by these. These define corresponding
displacements of the associated optical elements E1 to E4 for
correcting wavefront aberrations of the projection lens 22
which have occurred. In order to establish the travels 45, the
travel establishing device 44 obtains respectively updated
aberration parameters 64 of the projection lens 22 while car-
rying out the exposure process. These aberration parameters
64 can, for example, include the wavefront characterizing
Zernike coefficients.

The travel generating optimization algorithm 52 generated
by the algorithm generator 42 is adapted to the imaging
parameter set utilized in the exposure process, i.e. in particu-
lar to the illumination setting and the utilized mask structures,
in such a way that the travel can be established without delays
that interfere with the exposure process. Thus, the travel
establishing device 44 as per one embodiment which is
designed for operating projection exposure apparatuses in the
UV wavelength range generates updated travels 45 a number
of'times per second, for example every 100 milliseconds, and
therefore updates travels in real time. Updating the travels a
number of times per second for example renders it possible to
readjust the manipulators after every field exposure. In an
embodiment adapted for EUV projection exposure appara-
tuses, it is optionally possible to allow longer periods of time
to pass between the updates, for example 30 seconds.
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The optimization algorithm 52 is based on a mathematical
model with at most 1000 basis functions. In accordance with
various embodiments, the optimization algorithm is based on
at most 400, at most 100 or at most 60 basis functions. In
accordance with one embodiment, the travels 44 are estab-
lished by matrix multiplications with an inverse matrix cal-
culated in advance, as is possible, for example, in the case of
an approach on the basis of the singular value decomposition
or Tikhonov regularization. In this case, mxn is supposed to
be the matrix size. From this, men matrix multiplications
follow, where m is typically formed from the product of the
specified number of Zernike coefficients and the number of
measured field points. Examples for the specified number of
Zernike coefficients include 36, 49, 64 or 100 Zernike coef-
ficients, while a value of between 30 and 100 is suitable for
the number of measured field points. I[f the Zernike coefficient
71 is ignored, the specified values with respect to the Zernike
coefficients reduce by one. The parameter “n” represents the
number of the overall possible degrees of freedom of the
manipulator. By way of example, if 49 Zernike coefficients
are measured or simulated or extrapolated at respectively 65
field points, and 52 degrees of freedom are allowed for the
manipulators, this results in 165 620 matrix multiplications
for generating the travels 45.

The optimization algorithm 52 can be based on algorithms
which are well known to a person skilled in the art, e.g. on
singular value decomposition, also referred to as “SVD”,
and/or Tikhonov regularization. In both cases, the problem is
reduced to carrying out a matrix multiplication of the form
x=Ap by calculating an inverse matrix or a pseudo-inverse
matrix. Here, X is the change of the manipulator manipulated
vector, p is the interference to be corrected and A is a suitable
matrix, in general the suitably regularized inverse of a sensi-
tivity matrix.

The regularly updated aberration parameters of the projec-
tion lens 22 are transmitted to the travel establishing device 44
by an aberration parameter transmitter 54. The aberration
parameter transmitter 54 has a storage device 56 and a simu-
lation device 58. Aberration parameters 64 are stored in the
storage device 56, which parameters were established using a
wavefront measurement at the projection lens 22. These mea-
surement results can be collected using an external wavefront
measuring instrument. However, alternatively, the aberration
parameters 54 can also be measured by a wavefront measure-
ment device 55 integrated in the substrate displacement stage
26. By way of example, such a measurement can be taken
regularly after each exposure of a wafer or respectively after
exposing a complete wafer set. Alternatively, a simulation or
a combination of simulation and reduced measurement can be
undertaken instead of a measurement.

The measured values of the aberration parameters 64
stored in the storage device 56 are optionally adapted to
respective updated conditions during the exposure process by
the simulation device 58. In accordance with one embodi-
ment, the current radiation intensity 62 is to this end regularly
transmitted to the simulation device 58 by the central control
device 28. From this, the simulation device 58 calculates
changes in the aberration parameters 64 effected due to lens-
element heating on the basis of the respective illumination
setting. Furthermore, the simulation device continuously
obtains measurement values from a pressure sensor 60 which
monitors the pressure surrounding the projection exposure
apparatus 10. Effects of changes in the surrounding pressure
on the aberration parameters 64 are taken into account by the
simulation apparatus 58.

The generation and use of a travel generating optimization
algorithm 52 is automatically monitored by a suitable entity.



US 9,170,497 B2

13

In the case of irregularities, a switch is made to emergency
operation on the basis of a standard optimization algorithm
which is suitable for a multiplicity of imaging parameter sets.
Irregularities can be detected on the basis of the analysis of
travel commands or the analysis of residual wavefronts. Thus,
for example, a malfunction and hence the presence of irregu-
larities can be deduced from observing oscillating travel com-
mands.

The optimization of a stored algorithm in the algorithm
generator 42 with respect to an imaging parameter set,
described on the basis of FIG. 2, can also occur during an
exposure break or else during the imaging operation of the
projection exposure apparatus 10. Thus, for example, the
exposure operation can initially be started with a travel gen-
erating standard algorithm, and a stored algorithm can be
adapted to the utilized imaging parameter set during the
operation. When the adapted optimization algorithm is com-
pleted, the latter is then taken up by the travel establishing
device 44 during an exposure pause.

In some embodiments, various implementations of the sys-
tems and methods described here can be realized in comput-
ing devices such as digital electronic circuitry, integrated
circuitry, specially designed ASICs (application specific inte-
grated circuits), computer hardware, firmware, software, and/
or combinations thereof. These various implementations can
include implementation in one or more computer programs
that are executable and/or interpretable on a programmable
system including at least one programmable processor, which
may be special or general purpose, coupled to receive data
and instructions from, and to transmit data and instructions to,
a storage system, at least one input device, and at least one
output device.

These computer programs (also known as programs, soft-
ware, software applications or code) include machine instruc-
tions for a programmable processor, and can be implemented
in a high-level procedural and/or object-oriented program-
ming language, and/or in assembly/machine language. As
used herein, the terms “machine-readable medium” and
“computer-readable medium” refer to any computer program
product, apparatus and/or device (e.g., magnetic discs, optical
disks, memory, Programmable Logic Devices (PLDs)) used
to provide machine instructions and/or data to a program-
mable processor, including a machine-readable medium that
receives machine instructions as a machine-readable signal.
The term “machine-readable signal” refers to any signal used
to provide machine instructions and/or data to a program-
mable processor.

LIST OF REFERENCE NUMERALS

10 Projection exposure apparatus
12 Exposure radiation source

14 Exposure radiation

16 [llumination optical unit

18 Mask

20 Mask displacement stage

22 Projection lens

24 Substrate

26 Substrate displacement stage
E1, E2, E3, E4 Optical elements
M1, M2, M3, M4 Manipulators
27 Tilt axis

28 Central control device

30 Ilumination setting information
32 Mask selection information
40 Manipulator control

42 Algorithm generator
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44 Travel establishing device

45 Travel

46 Mask structure information

48 Database

50 Stored algorithm

52 Travel generating optimization algorithm
54 Aberration parameter transmitter
55 Wavefront measuring device

56 Storage device

58 Simulation device

60 Pressure sensor

62 Radiation intensity

64 Aberration parameter

What is claimed is:

1. An apparatus, comprising:

aprojection lens comprising a plurality of optical elements
configured to image mask structures onto a substrate
during an exposure process, the plurality of optical ele-
ments comprising a first optical element;

a manipulator configured to change, as part of a manipu-
lator actuation, optical effects of the first optical element
by changing a state variable of the first optical element
along a predetermined travel;

a first computing device configured to generate a travel
algorithm based on at least one imaging parameter, the at
least one imaging parameter comprising structure infor-
mation with respect to mask structures to be imaged
during a subsequent exposure process and/or structure
information with respect to an angular distribution of
exposure radiation radiated onto the mask structures
during the subsequent exposure process; and

a second computing device configured to establish a travel
for a manipulator actuation based on the travel algo-
rithm,

wherein the apparatus is a microlithography projection
exposure apparatus.

2. The apparatus of claim 1, further comprising a storage
device configured to store a set of aberration parameters
which in general terms define an imaging quality of the pro-
jection lens, wherein the travel algorithm is configured to set
the travel so that, in the case of a corresponding actuation of
the manipulator, a subset of the aberration parameters is opti-
mized.

3. The apparatus of claim 1, wherein the travel algorithm is
configured to establish the travel for the manipulator actua-
tion based on at least one aberration parameter which char-
acterizes an imaging quality of the projection lens.

4. The apparatus of claim 1, wherein the travel algorithm is
based on a mathematical model with at most 1000 basis
functions.

5. The apparatus of claim 1, wherein the first computing
device comprises a database with a plurality of different
stored algorithms.

6. The apparatus of claim 5, wherein the first computing
device is configured to select one of the plurality of different
stored algorithms as the travel algorithm based on the at least
one predetermined imaging parameter.

7. The apparatus of claim 1, wherein the first computing
device is configured to adapt a stored algorithm stored in the
first computing device to the at least one predetermined imag-
ing parameter.

8. The apparatus of claim 7, wherein the first computing
device is configured to effect the adaptation by performing an
optimization method.

9. The apparatus of claim 8, wherein the optimization
method is based on a merit function which takes into account
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an influence of a change in imaging quality of the projection
lens due to lens heating during the exposure process.

10. The apparatus of claim 1, wherein the second comput-
ing device is configured to activate, in an exposure pause, a
travel algorithm which is newly generated by the first com-
puting device.

11. The apparatus of claim 1, further comprising a sensor
configured to measure an external physical variable, wherein
the second computing device is configured to take into
account the external physical variable when establishing the
travel.

12. The apparatus of claim 1, further comprising a simula-
tion device configured to simulate changes in the optical
properties of the optical elements, wherein the changes occur
due to heating of the optical elements, and the travel algo-
rithm is configured to calculate the travel based on the simu-
lated heating-induced changes in the optical properties.

13. The apparatus of claim 1, wherein the second comput-
ing device is configured to establish the travel in less than 500
ms.

14. The apparatus of claim 1, wherein the apparatus is
configured to successively image the mask structures respec-
tively onto different regions of the substrate in a plurality of
exposure steps and the travel establishing device is config-
ured to establish an updated version of the at least one travel
after every exposure step.

15. The apparatus of claim 1, wherein the apparatus com-
prises a device which comprises the first and second comput-
ing devices.

16. The apparatus of claim 1, further comprising an illu-
mination optical unit configured to illuminate the mask struc-
tures during use of the apparatus.

17. A method for operating a microlithography projection
exposure apparatus, the apparatus comprising a projection
lens having a plurality of optical elements configured to
image mask structures onto a substrate during an exposure
process, the method comprising:

determining an imaging parameter for a subsequent expo-

sure process, the imaging parameter comprising struc-
ture information with respect to the mask structures to be
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imaged and/or structure information with respect to an
angular distribution of exposure radiation radiated onto
the mask structures;

generating a travel algorithm adapted based on the at least
one predetermined imaging parameter;

using the travel algorithm to establish a travel for at least
one of the optical elements, the travel defining a change
of a state variable of the at least one optical element; and

actuating the at least one optical element along the by
changing the state variable.

18. The method of claim 17, comprising using the projec-

tion exposure apparatus to generate the travel algorithm.

19. The method of claim 17, comprising:

generating the travel algorithm outside of the projection
exposure apparatus; and

reading the travel algorithm into the projection exposure
apparatus.

20. The method of claim 17, comprising:

generating a control parameter defining the travel algo-
rithm outside of the projection exposure apparatus; and

reading the control parameter into the projection exposure
apparatus.

21. The method of claim 17, wherein the projection expo-

sure apparatus further comprises:

a manipulator configured to change, as part of a manipu-
lator actuation, optical effects of the first optical element
by changing a state variable of the first optical element
along a predetermined travel;

a first computing device configured to generate a travel
algorithm based on at least one imaging parameter, the at
least one imaging parameter comprising structure infor-
mation with respect to mask structures to be imaged
during a subsequent exposure process and/or structure
information with respect to an angular distribution of
exposure radiation radiated onto the mask structures
during the subsequent exposure process; and

a second computing device configured to establish a travel
for a manipulator actuation based on the travel algo-
rithm.
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